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摘要 
本文选取西太平洋 5块富钴结壳样品，应用电沉积制源方法和 α能谱测量手
段获取了富钴结壳表层铀、钍及镤同位素的深度分布；通过 ICP-MS 测量手段获
得结壳表层 18 种常、微量元素含量；对西太平洋富钴结壳的生长年代学及元素
地球化学进行了分析与研究，并对晚第四纪气候对结壳生长的影响进行探讨。本
研究的主要结果如下： 
（1）在 Talvitie（1972）法的基础上主要探究了电流、沉积时间以及沉积溶
液的 pH值对电沉积效果的影响。通过对铀、钍电沉积最优实验条件的探究，确
定了铀电沉积的最佳条件是 pH值为 2.0，沉积时间 90 min，沉积电流 500 mA；
钍电沉积在弱电流条件下无法获得良好的化学回收率和能量分辨率，钍电沉积的
最佳条件是 pH值为 1.7，沉积时间 60 min，沉积电流 1000 mA。最优条件下的
铀、钍电沉积均能获得 95%以上的化学回收率及良好的能谱分辨率。 
（2）富钴结壳中主要元素是 Mn 和 Fe，其在五块结壳的平均含量分别是
16.77%~21.28%和 15.78%~19.63%，含量在 0.1%~1%的元素有 Co、Ni、Al、Mg、
Ti、Pb、Ba；Cu和 Zn 的平均含量分别为 0.03%~0.05%和 0.05%~0.06%。对结壳
中常、微量元素进行相关性分析获得Mn和 Co、Ni、Mg、Se、Mn/Fe 在 99%的
置信区间上呈高度正相关关系，Al 与 Mn、Co、Ni、Mn/Fe 呈显著负相关关系，
表明碎屑对结壳的生长存在抑制作用。 
（3）在本研究中，主要采用 230Thex法、
230
Thex/
232
Th法和 231Paex法，三种铀
系年代学方法获得西太平洋富钴结壳一定深度范围内的平均生长速率分别为
2.85 mm/Ma、3.00 mm/Ma 和 4.12 mm/Ma。230Thex法和
230
Thex/
232
Th法获得的生
长速率相近，本文认为这两种方法的定年结果均是可靠的；由 231Paex法得到的生
长速率偏大，主要归因于 Pa 在结壳中的扩散，并估算出 Pa 的扩散速率在 10-9 
cm
2
/a 数量级。另外，Co 年代学计算的生长速率基本与 230Thex法和
230
Thex/
232
Th
法吻合。 
（4）采用海洋铁锰沉积成因判别三角图法对所研究的西太平洋富钴结壳样
品的成因进行分析和判定，结果显示，五块结壳均为水成成因，对应着低的 Mn/Fe
值（0.93~1.34）和较低的生长速率 1.59~3.39 mm/Ma（Co年代学法）。 
（5）在研究的深度范围内，有三块结壳的平均生长速率发生分段现象，这
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可能是气候转变和生长间断造成的。常量元素（主要是 Fe）对初始 230Thex存在
稀释作用，MKD43-1 的初始 230Thex 通量是恒定的。应用恒通量模型计算得到
MKD43-1 每一层生长速率，与深海氧同位素记录对比，发现结壳的生长速率在
间冰期高于冰期，这可能与晚第四纪时期的深海热盐环流以及碳酸盐补偿深度的
变化有关系。 
（6）在研究的样品中，Al 在某一深度出现极大值现象，不同的样品，极大
值出现的深度存在差异。通过 Co 年代学获取年代信息，并对结壳中 Al 随时间
的变化进行分析，发现 Al 在冰期出现极大值，这可能与冰期风尘通量高于间冰
期有关。同时，Al 通量的变化可能对结壳的生长也存在一定的影响。 
 
关键词：富钴结壳；铀系年代学；元素地球化学；电沉积；古海洋学
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Abstract 
Five ferromanganese crusts dredged from the West Pacific Ocean were selected 
for this study, the Measurement of isotopes and elements have been carried out by 
α-spectrometer and ICP-MS respectively. The geochronology and geochemistry of 
ferromanganese crusts were analyzed and studied systematically, and then we 
discussed the interrelation between the climate during Late Quaternary and the growth 
rates of the crusts. The principal results are as follows: 
(1) The influence of current, plating time and pH value have been studied upon 
the electrodeposition based on the method of Talvitie（1972）. To find the optimal 
parameters to be used to achieve uranium and thorium alpha sources with good 
spectral properties and maximum yield of the electrodeposition process. It was shown 
that a current of 500 mA, plating time of 90 min and pH value of 2.0 are the best 
conditions for deposition of uranium. However, It was not good for the 
electrodeposition of thorium under the condition of low current, and the optimal 
condition for it was found when the current was 1000 mA, plating time was 60 min 
and pH value was 1.7. The electrodeposition of uranium and thorium could both yield 
high chemical recovery of above 95% and good energy resolution under the best 
conditions. 
(2) As the main elements of ferromanganese crusts, the average content of Mn 
and Fe in these samples were 16.77%~21.28% and 15.78%~19.63% respectively. The 
content of Co、Ni、Al、Mg、Ti、Pb and Ba were in the range of 0.10%~1.00%, and 
the average content of Cu and Zn were 0.03%~0.05% and 0.05%~0.06% respectively. 
The correlation analysis of major and trace elements of ferromanganese crusts have 
been carried out. As a result, the positive correlations between the content of Mn and 
some elements like Co、Ni、Mg、Se and Mn/Fe value were significant at the 0.01 level, 
and the relationship between the content of Al and some elements such as Mn、Co、
Ni and Mn/Fe were negative significantly. It showed that detrital might restrains the 
growth of crust. 
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(3) In this study, three methods of uranium-series chronology have been adopted 
to estimate the growth rates of crusts from the West Pacific Ocean, and the average 
growth rates of samples are 2.85 mm/Ma (
230
Thex method), 3.00 mm/Ma 
(
230
Thex/
232
Th method) and 4.12 mm/Ma (
231
Paex method) respectively. It was thought 
that 
230
Thex and 
230
Thex/
232
Th dating methods can obtain relatively precise growth 
rates than 
231
Paex method. The growth rates based on 
231
Paex are faster than those 
based on 
230
Thex and 
230
Thex/
232
Th due to diffusion of Pa in the crusts.The effective 
diffusivity of Pa was calculated as about 10
-9 
cm
2
/a. In addition, the growth rates 
derived from the Co chronometer were consistent with the result of 
230
Thex and 
230
Thex/
232
Th dating methods. 
(4) The principal modes of formation of all samples in the study have been 
analyzed and distinguished by the method of ternary diagrams. As a result, the 
ferromanganese crusts were all hydrogenous deposits, they were characterized by low 
Mn/Fe value (0.93~1.34) and slow growth rates (1.59 mm/Ma~3.39 mm/Ma, due to 
the Co chronometer ). 
(5) Three crusts’ average growth rates vary with the change of depth among the 
five samples in our study, which may caused by climate change and growth standstills. 
Major elements (especially Fe) act as diluting phases for intial 
230
Thex suggesting that 
the initial 
230
Thex flux into the crust MKD43-1 has been constant throughout time. By 
applying a constant flux model, every growth rates of sampled layers have been 
calculated. A detailed comparison of the growth rates with SPECMAP time table 
reveals that the growth rates of MKD43-1 tend to be higher during interglacial than 
during glacial periods, the result might attribute to the change of deep ocean 
thermohaline circulation and carbonate compensation depth during the Late 
Quaternary. 
(6) There was a maximum value of Al element at a certain depth, and the 
maximum value occurred in different depths corresponding to different samples. 
By using the Co chronology, the change of Al with time was studied and the content 
of Al element reached the maximum in the glacial period, which coincided a higher 
dust flux in glacial than in interglacial period. At the same time, the changes of Al flux 
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may also have some impact on the growth of crusts. 
Key Words: Ferromanganese crust; Uranium-series chronology; Elemental 
geochemistry; Electrodeposition; Paleaoceanography 
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第一章 绪论 
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第一章 绪论 
1.1 引言 
1.1.1 富钴结壳简介 
占地球表面积约三分之二的海洋中，蕴含着丰富的矿产资源。人类在浅水陆
架区现能大规模开发利用的主要是沉积砂矿、石油与天然气等；而在深水区的天
然气水合物（俗称“可燃冰”）、多金属结核、富钴结壳、热液硫化物等资源因其
赋存维度的纵深给勘探研究和开发利用带来了困难和挑战。目前，深海矿产资源
的有效开发和利用的技术和手段逐渐成熟，可以预测的是，在不远的未来，随着
陆上资源的不断消耗，人类的目光必然投向深海，富钴结壳因富含多种金属元素
而极具多元价值将会越来越受到关注。 
富钴结壳（又称铁锰结壳和富钴铁锰结壳）是一种生长在大洋洋底地势较高
处（主要是海山）硬质基岩（或沉积物）上，富含铁、锰、钴、镍、稀土等金属
元素的“壳状”沉积矿产。其主要分布于碳酸盐补偿深度（Carbonate Compensation 
Depth，CCD）以上，最低含氧带（Oxygen Minimum Zone，OMZ）以下，水深
500~3500 m 的平顶海山顶部和斜坡上，常形成于底流作用较强而钙质软泥等无
法沉积的区域（Schulz，2006）。富钴结壳化学成分十分复杂，其主要成矿元素
含量在大洋的不同环境（地区、地貌单元、深度等）中均有很大差异。 
1.1.2 研究意义 
研究富钴结壳具有两方面的重要意义，即经济意义和科研意义。 
1.1.2.1 富钴结壳研究的经济价值 
富钴结壳富含钴，最高可达 2%，是陆地原生矿钴含量的 20倍以上（栾锡武，
2006），是多金属结核中钴含量的 2.5倍以上（沈裕军等，1999）。其中的镍、铜、
碲、铂族元素（PGE）和稀土元素（REE）等的丰度也较可观。最近的研究表明
（张富元等，2011），仅太平洋海山富钴结壳中锰、钴、镍、铜的金属含量与全
球陆地资源和多金属结核相比都是非常可观的，分别是陆地资源量的 11.11 倍、
71.58倍、8.26倍和 0.29倍。富钴结壳中金属元素含量和经济价值见表 1.1。 
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